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Description 

This invention relates to a hydroformylatlon process. 

Hydroformylation is a well known reaction in which an olefin (usually a terminal olefin) la reacted 

5 under suitable temperature and pressure conditions with hydrogen and carbon monoxide In the presence 
of a hydroformylation catalyst to give an aldehyde, or a mixture of aldehydes, having one more carbon 
atom than the starting olefin. Thus ethylene yields proplonaldehyde, whilst propylene yield a mixture of n- 
and /so-butyraldehydes, of which the straight chain n-fsomer is usually the more commercially desirable 
material. In some cases the catalyst and/or the process conditions can be modified so that the products are 

10 not aldehydes but are the corresponding alcohols. 

The catalysts first used in this reaction were cobalt-containing catalysts, such as cobalt octacarbonyl. It 
is widely accepted that the cobalt octacarbonyl is converted to hydrido cobalt tetracarbonyl under the 
reaction conditions and that this compound constitutes the active catalyst species. The use of such 
catalysts necessitates exceptionally high operating pressures, e.g. several hundred bars, In order to 

15 maintain the catalysts in their active form. The n-Zfeo- molar ratio of the aldehyde products is not 
particularly high, e.g. about 3:1 or 4:1, and product recovery is generally complicated because the cobalt 
carbonyi catalysts are volatile and chemically unstable in the absence of high hydrogen and carbon 
monoxide partial pressures. 

More recently there have been proposed rhodium complex hydroformylation catalysts for 

20 hydroformylation of a/p/ra-olefins, that is to say compounds containing the group — CH-CH 2 or >C«CH a . 
These catalysts generally comprise rhodium in complex combination with carbon monoxide and with a 
ligand, such as triphenylphosphine and are used in conjunction with excess ligand. Such rhodium complex 
catalysts are now in use in numerous hydroformylation plants throughout the world and many plants 
formerly operating with cobalt catalysts have been, or are being, converted for operation with these newer 

25 rhodium catalysts. Such catalysts have the advantage not only of lower operating pressures e.g. about 20 
kg/cm 2 absolute (19.6 bar) or less, but also of being capable of yielding high a-//so-aIdehyde product ratios 
from a/p/ra-olefins; in many cases /?-//so-aldehyde molar ratios of 10:1 and higher can be achieved. 
Moreover, since the catalyst is non-volatile, product recovery is greatly simplified. A fuller description of 
the process will be found in the article "Low-pressure OXO process yields a better product mix", Chemical 

30 Engineering, December 5, 1977. Also extremely relevant to this process are United States Patent 
Specification No. 3,527,809 and British Patent Specifications Nos. 1,338,237 and 1,582,010. 

The rhodium catalyst adopted In commercial practice comprises rhodium in complex combination 
with carbon monoxide and with triphenylphosphine. Although the nature of the catalytic species is not 
entirely clear, it has been postulated to be HRh(CO)(PPh 3 ), (see, for example, page 792 of "Advanced 

55 Inorganic Chemistry" (Third Edition) by F. Albert Cotton and Geoffrey Wilkinson, published by Interscience 
Publishers). The reaction solution contains excess triphenylphosphine and operating temperatures in the 
range of from about 90°C to about 120°C are recommended. 

The process of United States Patent Specification No. 3,527309, which is the process used 
commercially, is restricted to use of a/pAa-olefinic compounds such as ethylene, propylene, butene-1, and 

40 hexene-1, i.e. compounds with a terminal — CH=CH 2 or >C=CH 2 group. Although terminal olefins can be 
successfully hydroformylated in high yield to the corresponding straight chain aldehydes (e.g. propylene 
can be hydroformylated to /i-butyraldehyde) using this process, we have found that the use of non-terminal 
olefins, such as butene-2, with a view to producing the /so-aldehyde (e.g. 2-methylbutyraldehyde from 
butene-2) is much less successful than with terminal olefins, such as butene-1, because such internal 

45 olefins are much less reactive than the corresponding terminal olefins, and higher operating temperatures 
are hence required in order to achieve acceptable reaction rates and product aldehyde yields. However, the 
use of higher operating temperatures Is accompanied by an increasing tendency for the internal olefin to 
undergo isomerisation, with a consequent reduction in the yield of the desired /so-aldehyde. Hence butene- 

* 2 tends to undergo isomerisation to butene-1 under the harsher conditions required for hydroformylation 

60 of butene-2 so that a proportion of the butene-2 is converted to n-valeraldehyde rather than to the desired 
/so-butyraldehyde. In addition, the catalyst appears to be less stable at the increased operating 
temperatures required for adequate reaction rates so that the rate of deactivation of the catalyst becomes 
undesirably high. For these reasons we consider that rhodium complex catalysts using triphenylphosphine 
as ligand are not commercially acceptable for hydroformylation of internal olefins. 

55 United States Patent Specification No. 3,527,809 also proposes the use of various other Hgands, 
including phosphites, such as triphenylphosphite, in place of triphenylphosphine. Although the use of 
triphenylphosphite has the advantage that lower operating temperatures can be used in the 
hydroformylation of internal olefins, we have found that the catalyst tends to deactivate moderately 
rapidly, a phenomenon that is accompanied by disappearance of free triphenylphosphite ligand and by an 

60 increase in the rate of formation of "heavy" materials (i.e. high boiling byproducts). Further teaching as to 
the use of phosphites in hydroformylation of terminal olefins will be found in United States Patent 
Specifications Nos. 3917661, 3499933 and 4262142. There are numerous other references in the literature to 
the use of phosphite ligands in homogeneous rhodium complex hydroformylation catalysts. Examples 
include United States Patent Specifications Nos. 3,547,964, 3,560,539, 3,641,076, 3,644,446, 3,859,359, 

6 3,907,847, 3,933,919, 3,956,177, 4,096,192, 4,101,588, 4,108,905, 4,135,911, 4,158,020, 4,195,042, 4,224,255 
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and 4 267,383, as well as British Patent Specifications Nos. 995,459, 1,207,561, 1,228,201, 1,243,189, 
1,243,190, 1,263,720, 1,338,225, 1,448,090, 1,455,645, 1,460,870, 1,461,900, 1,462,342, 1,463,947, 1,557,396, 
and 1,586,805, European Patent Publications Nos. 0003753 and 0028892, and International Patent 
Publication No. WO 80/00081. Other examples include Japanese Patent Publications Nos. 10765/69 
published 19th May 1969 and 40326/73 published 30th November 1973. 

Example 2 of British Patent Specification No. 1,325,199 teaches the use, in a batch reaction for the 
hydroformylation of hexene-1, of the catalyst [RhCI(CO)(tmpP) 2 ] where tmp represents the radical 



2°" 

CHg-CH 2 -C-CH 2 0- 



? H 2< 



I 

CH 2 0- 



Reaction is effected in the liquid phase using a 50% v/v solution of hexene-1 in benzene. At 100*0 57 
» mol% conversion of hexene-1 Is said to be achieved in 6 hours under partial pressures of carbon monoxide 
and hydrogen of 12 atmospheres (about 12 bar) to give a reported yield of aldehydes (based on ihexene-1 
converted) of 100%, of which 65 mole% is 1-heptanal. According to page 2, lines 55 to 61, catalysts devoid 
of chlorine are as efficient as those containing it, whilst the process le said to be capable of use with alpha- 
olefins as well as non-terminal olefins, a.g. butene-2, pentene-2, and hexene-2 (page2, lines 93J to 101). 
20 Accordina to page 5, lines 7 to 12, when using similar catalysts with hexene-2 at 100X, 35 to 38% of the 
aldehydes formed is 1-heptanal. Conversions of only 57% in 6 hours are not commercially interesting, nor 
are terminal aldehydea necessarily the most desirable products obtained by hydroformylating internal 

° lefi The reaction of 4^thyl-2,6,7-trioxa-1-phosphabicyclo-[2,2^,]-o^rtanewlth ^eMcaibonyltetrarhodiu^ 

2B of the formula Rh 4 (C0) 12 to form compounds of the formulae Rh 4 (CO) 10 U, Rh 4 (CO) 6 L* and R^JCOJbU 
where L is the compound P(OCH 2 ),CEt, is described by B. L Booth et al In J. Organometal. Chem. 27 (1971) 
119—131. These authors also describe production of complexes of the type R^COhoU in which L is as 
defined above, when the same organophosphoius compound Is reacted under similar conditions with 
hexadecacarbonylhexarhodium of the formula Rh 6 (CO) 1e . They also describe experiments, summarised in 

so Tebles 2 end 3 on page 123 of this article, in which various alkenes were hydroformylated in the presence of 
RIUCO),, or Rh 6 (CO) 16 end of ETPO, which is identified in e footnote on pege 119 as ^*M-2,6.7-tnoxa-1- 
phosphablcyclo-[2,2,2]-octane. Further experimental detella ere given on pages 129 end 130. These 
experiments were all batch experiments carried out at 120 bar and used a phosphorus hgand:Rh molar 
ratio of 1 :1, as well as a CO:H 2 molar ratio of 1 :1 in all cases. Reaction times of 3 hours for 0.20 mmole of 

35 olefin were used in all experiments reported. ... • , 

The use of tertiary amines in hydroformylation media has been suggested previously , n a number of 
publications. For example, British Patent Specifications Nos. 1198815 and 1198816 and U.S. Patent 
Specifications Nos. 3560572, 3624158, 3644529 and 3725483 describe the use of tertiary amines to increase 
the thermal stability of cobalt containing complex hydroformylation catalysts during product recovery. 

40 Tertiary amines, such as pyridine and triphenylamlne, have also been suggested es the ligand for 
rhodium-containing hydroformylation catalysts as an alternative to the tertiary phosphine or phosphite 
normally used. Examples of such teachings are to be found in British Patent Specifications Nos. 1138601, 
1173568, 1207561, 1228201, 1243189 and 1243190. 

British Patent Speclflcetlon No. 1448255 teaches a process for the production of en aldehyde or en • 

45 alcohol in which an olefin, carbon monoxide and hydrogen are reacted in the presence of jero »va tent 
rhodium, such as Rh a (CO),„ and a tertiary amine having a pK* of from 3 to 7. such as N,N-dimethylTP- 
xylylamine or N.N-dimethylbenzylamine. At page 2, lines 49 to 55 it is stated: 

"Our Invention is predicated upon our discovery that, In the presence of a tertiary amine having a pK„ 
of from 3 to 7, in a particular concentration effective hydrogenatlon of these aldehydes and acetals can 

so be obtained with zero valent rhodium." 

Hence this document teaches thet addition of amines to hydroformylation media containing zero valent 
rhodium will result in production of significant amounts of alcohols rather than aldehydes. 

United States Patent Specification No. 3857895 teaches use of phosphine llgands containing an amino 
or amidino group in rhodium complex hydroformylation catalysts. If desired a polycyclic amine such as 

ss Methylene diemine (l.e. 1,4-diazabicyclo-[2^J<ctane) can be Included in the reaction medium. 

It has also been proposed to use en emlne, such as pyridine, es e solvent in a rhodium catalysed hydro- 
formylation process; In this connection the reader's attention la directed to British Patent Specifications 

N08 British 2 pltent Specification No. 1 263720 proposes use as a hydroformylation catalyst of a complex of a 
eo Group VIII metal other than iron, nickel, palladium or platinum (for example, rhodium) which contains at 
least one metal complexing ligand containing an atom of a Group Vb or Vlb element having a single peirof 
electrons available for donation (e.g. pyridine) and a bidentate ligand co-ordinating through oxygen end 
nitrogen and selected from a quinaldinate, 8-oxyqulnolinate end a salicylaldoximate. 

United States Patent Specifications Nos. 3547964, 3560539 and 3641076 teach a process for recovery of 
65 catalyst from a hydroformylation reaction medium containing a Group VIII metal (e.g. rhodium) halide or 
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hydride complex wfth carbon monoxide* and a blphylllc llgand (such as triphenylphosphine), which 
medium may also contain as cocatalyst a polycyclic, heterocyclic, saturated amine having at least one 
nitrogen in a bridgehead position, for example 1,4-diazabicyclo-[2,2,2]-octane (otherwise known as 
Methylene diamine), in each of United States Patent Specifications Nos, 3547964 and 3641076 it is 

5 mentioned that, instead of triphenylphosphine, the biphyllic ligand can alternatively be a phosphite, such 
as triphenylphosphite or tricyclohexylphosphite. Further description of such media qan be found in United 
States Patent Specification No. 4267383. In none of these specifications, however, is there any specific 
example in which the medium contains a phosphite ligand. 

Rhodium complex hydroformylation catalysts which incorporate a bidentate ligand, such as 1,1'-bis- 

10 (diphenylphosphino)-ferrocene, as well as a monodentate ligand, such as tri-ASO-butylamine or triphenyl- 
amine are described in United States Patent Specification No. 4169861. Similar rhodium complexes are 
described in United States Patent Specification No. 4201728. 

Rhodium complex hydroformylation catalysts that contain halogen or pseudo-halogen in addition to a 
ligand, such as triphenylphosphine or triphenylphosphite, have been proposed for use, but it has been 

15 recognised that an inhibition period is observed with such catalysts. However, according to British Patent 
Specification No. 1338225 and United States Patent Specifications Nos. 4200591 and 4200592, addition of 
an organic base, such as Et 3 N, causes this inhibition period to disappear. The function of the base is to act 
as a hydrogen halide or pseudo-halide acceptor. The base plays no further part in the hydroformylation 
process once this function has been discharged. British Patent Specification No. 2000124A also discloses 

20 addition of an organic base, such as Et 3 N, as an acceptor for hydrogen halide or pseudo-halide when a 
hydrido carbonyi complex of rhodium is generated in situ from a corresponding halogen or pseudo- 
halogen containing complex. In acting as acceptor the amine presumably reacts to give a non-volatile 
hydro-halide or -pseudohalide salt whilst any free remaining triethyiamine will quickly be lost from the 
reaction solution during distillation for aldehyde recovery if the process is operated continuously. 

25 A further report of the removal of the induction period for a hydroformylation reaction upon addition of 
triethyiamine has appeared in a paper by D. Evans et al, J. Chem. Soc, (A), 1968, 3133. 

According to Japanese Patent No. 647225 (1972), amines and KOH have proved to be effective as 
dehalogenation agents. 

In a paper in Bulletin of The Japan Petroleum Institute, Volume 19, No. 1, May 1977, pages 62 to 67, 
30 Yasuchi Matsui et al reported the effect of dehalogenation agents on hydroformylation reactions catalysed 
by rhodium complexes. In Table 3 on page 65 of this paper they indicate that a catalyst life in excess of 10 
hours can be attained by adding triv?-octylamine, a mixture of triethanolamine and KOH, or tri-/?-butyl- 
amine to a catalyst system including triphenylphosphite and the complex, RhH{CO)(PPh 3 ) 3 - They state: 
"Therefore, these bases seem not only to be the dehalogenation agents but also stabilizers of the 
35 catalyst It is speculated that these bases prevent the degradation products of ligand from forming 
coordinate complexes with rhodium/' 

British Patent Specification No. 1448090 describes for use as hydroformylation catalysts certain ionic 
rhodium complexes containing, in addition to carbon monoxide, a ligand which can be a tertiary organo- 
nitrogen compound such as triphenylamine, as well as a non-coordinating anionic moiety. 
40 The addition of acids to hydroformylation media has been advocated in United States Patent 
Specification No. 4224255 and in International Patent Publication No. WO 80/00081. The catalysts for use in 
such processes can contain triarylphosphite ligands, it is said. The addition of acids, such as o-phthalic 
acid, is said to suppress hydrogenation reactions. 

It has also been proposed to add water to a hydroformylation reaction medium. Thus United States 
45 Patent Specification No. 426821 5 teaches use of a two-phase system, one phase of which is aqueous, in the 
hydroformylation of C2 to a/p/?a-olefins using a complex catalyst consisting essentially of rhodium in 
combination with carbon monoxide and a triorganophosphorus ligand, such as a triarylphosphite. It is said 
to be quite unexpected that the introduction of water would produce an enhancement in the reaction rate. 
Addition of water and an alkali metal hydroxide or ammonium hydroxide to a hydroformylation 
50 reaction medium is taught by United States Patent Specification No. 3511880. 

In our European Patent Application No. 83302995.2 (which was published on 28th December 1983 as 
European Patent Publication No. 0096987) we have shown that in a continuous hydroformylation process 
in which there is used as ligand in a rhodium complex catalyst an "open" phosphite, such as triphenyl- 
phosphite, in which the phosphorus atom does not form part of a ring, the ligand decays in the course of 

6 time, probably through formation of 1:1, 2:1, and 3:1 aldehyde:phosphite adducts and the like as described 
by F. Ramirez, Pure & Applied Chemistry (1964), Vol 9, pages 337 to 369, at page 356 etseq. Hence, we 
proposed in this specification that, in order to maintain catalytic activity, further phosphite ligand is added 
to replace that which has decayed. 

In our European Patent Application No. 83302994.5 (which was published on 28th December 1983 as 
60 European Patent Publication No. 0096986) we have described a continuous process for the 
hydroformylation of a/p/ja-olefins using a catalyst comprising rhodium in complex combination with a 
cyclic phosphite having a bridgehead phosphorus atom linked to three oxygen atoms at least two of which 
form together with the bridgehead phosphorus atom part of a ring. Typical of such cyclic phosphites are 
the derivatives of 2,6,7-trioxa-phosphabicyclo-[2,2,2]-octane, of which 4-ethyl-2,6,7-trioxa-1-phospha- 
& bicyclo-[2,2,2]-octane is an example. A similar continuous process for the hydroformylation of internal 
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olefins is described in our European Patent Application No. 83302996.0 (which was published on 28th 
December 1983 as European Patent Publication No. 0096988). 

In the course of investigating the processes of these last two mentioned European Patent Applications 
we have discovered that although they can be successfully operated on a continuous basis for extended 
8 periods of time, a certain slow degradation of catalyst activity is observed, particularly when working with 
a/p/ra-olefins or when working at temperatures towards or above the upper end of the recommended 
range. This loss of catalyst activity appears to be associated with loss of phosphite ligand. Although some 
compensation for this slow deactivation can be made by addition from time to time of further quantities of 
ligand, it would be desirable to provide a method of maintaining catalyst activity and minimising loss of 
*o cyclic phosphite ligand. ' 

It is accordingly an object of the present Invention to provide a method of improving the stability ot 
rhodium hydroformylation catalysts that utilise cyclic phosphite ligands which minimises loss of cyclic 
phosphite ligand. 

According to the present invention there is provided a continuous hydroformylation process for the 
» production of an aldehyde by hydroformylation of an olefin which comprises: 

providing a hydroformylation zone containing a charge of a liquid reaction medium having dissolved 
therein (a) a complex rhodium hydroformylation catalyst comprising rhodium In complex combination 
with carbon monoxide end with a cyclic phosphite ligand having a phosphorus atom linked to three oxygen 
atoms at least two of which form together with the phosphorus atom part of a ring and (b) a ligand 
20 stabilising amount of a tertiary amine, the cyclic phosphite ligandrRh molar ratio In the liquid reaction 
medium being at least about 3:1 and the ligand stabilising amount of the tertiary amine corresponding to a 
tertiary amine:cyclic phosphite ligand molar ratio of at least about 0.1:1; 

continuously supplying said olefin to the hydroformylation zone; 

maintaining in the hydroformylation zone a temperature in the range of from 4CTC to 160°C and a 
25 pressure in the range of from 4 bar to 75 bar; 

continuously supplying make-up hydrogen and carbon monoxide to the hydroformylation zone; and 
recovering from the liquid hydroformylation medium a hydroformylation product comprising at least 
one aldehyde. 

In our process the function of the tertiary amine is primarily to stabilise the cyclic phosphite ligand and 

so to prevent its decay or decomposition under the reaction conditions employed. Moreover, It appears from 
our experiments that the cyclic phosphite ligands used in our process are unique amongst phosphite 
ligands in this respect Thus, when additions of a tertiary amine are made to hydroformylation reaction 
media containing an "open" phosphite ligand, such as triphenyl phosphite, the decay of the "open" 
phosphite ligand under hydroformylation conditions, which we noted In our European Patent Application 

33 No. 83302995.2 {European Patent Publication No. 0096987), is not halted. Hence our Investigations suggest 
that tertiary amines do not stabilise "open" phosphites, such as triphenyl phosphite. This means that, 
although a tertiary amine may help to preserve the stability of a rhodium hydroformylation catalyst m the 
initial stages of operation, as observed by Yasuchi Matsui et al, ha ctt, it cannot stabilise for more than a 
few hours a rhodium complex hydroformylation catalyst that utilises an "open" phosphite ligand because 

40 the phosphite ligand decays, despite the presence of the tertiary amine, until no free ligand is left to 
maintain catalyst activity and stability. 

The catalyst used in the process of the present invention is a rhodium carbonyl complex comprising 
rhodium in complex combination with carbon monoxide and with a cyclic organic phosphite ligand having 
a phosphorus atom linked to three oxygen atoms at least two of which form, together with the phosphorus 

45 atom to which they are attached, part of a ring. Preferably this catalyst and the reaction medium are 
substantially halogen-free. Although the structure of such rhodium carbonyl complexes is not entirely 
clear, it is postulated that the preferred halogen-free complexes may have the structure: 

RhH m {CO) n {L) p 

so 

in which m is zero, 1 or 2, n and p are each, independently of the other, an integer of from 1 to about 4, and L 
is a cyclic phosphite ligand as defined above, provided that the sum of m, n and p is from 4 to 6. 

The olefin may be an optionally substituted a/p/?a-olefin which contains at least one a/p/>a-olefinlc 
carbon-carbon double bond (or ethylenic bond) and which contains at least 2 carbon atoms. Such 
65 compounds have the general formula: 

RtRaOCHa 

in which and R 2 each independently represent a hydrogen atom or an organic radical or together 
represent a divalent radical which, together with the carbon atom to which they are attached, form a non- 

60 aromatic carbocyclic or heterocyclic ring. (For convenience hereafter the term "a/p/za-olefin" is some times 
used to designate "optionally substituted a/p/ra-olefin"). Preferably such a/p/ia-olefins are halogen-free 
and sulphur-free. Preferably the olefinically unsaturated compound contains from 2 to about 20 carbon 
atoms, illustrative starting olefins include e/p/ie-olefins, e.g. alkenes, arylalkenes, and cycloaikenes, and 
substituted a/p/ia-oleflns, e.g. ethers of unsaturated alcohols, and esters of unsaturated alcohols and/or 

6$ acids. 
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As examples of a/pAa-olefins there may be mentioned 1-alkenes (e.g. ethylene, propylene, butene-1, 
/so-butylene, pentene-1, 2-methylbutene-1, hexene-1, heptene-1, octene-1, 2 A4-tri methyl pentene-1, 
nonene-1, 2-propylhexene-1, decene-1, undecene-1, dodecene-1, octadecene-1, eicosene-1, 3-methyl- 
butene-1, 3-methylpentene-1, 3-ethyl-4-methylpentene-1, 3-ethylhexene-1, 4,4-dimethylnonene-1, 6- 
propyldecene-1, 1,5-hexadIene, vinyl cyclohexane, ally I cyclohexane, styrene, a/pAa-methylstyrene, 
allylbenzene, di vinyl benzene, 1,1-diphenylethylene, o-vinyl-p-xylene, p-vinylcumene, m-hexylstyrene, 1- 
allyl-4-vinyIbenzene, Aeto-vinylnaphthalene, and the like), a/pAa-alkenols (e.g. ally! alcohol, hex-1~en-4-ol, 
oct-1-en-4-ol, and the like), a/p/?a-alkenyl ethers (e.g. vinyl methyl ether, vinyl ethyl ether, ally! ethyl ether, 
allyl f-butyl ether, allyl phenyl ether, and the like), a/p/?a-alkenyl alkanoates (e.g. vinyl acetate, altyl acetate, 
and the like), alkyl a/p/?a-alkenoates (e.g. methyl acrylate, ethyl acrylate, /7-propyl oct-7-enoate, methyl 
methacrylate, and the like), a/pAa-olefinically unsaturated aldehydes and acetals (e.g. acrolein, acrolein 
dimethyl and diethyl acetals, and the like), a/pAa-olefinically unsaturated nitriles (e.g. acryionitrile and the 
like), and a/p/za-olefinically unsaturated ketones (e.g. vinyl ethyl ketone, and the like). 

The olefin may alternatively be an optionally substituted internal olefin contains at least one internal 
olefinic carbon-carbon double bond (or ethylenic bond) and contains at least 4 carbon atoms. Such 
compounds have the general formula: 

R 3 R 4 C=CR 5 R 8 

in which R 3 and R 6 each independently represent a hydrogen atom or an organic radical or together 
represent a divalent radical which, together with the indicated carbon atoms, form a carbocyclic or 
heterocyclic ring, and R 4 and R 6 each independently represent an organic radical or together represent a 
divalent radical which, together with the indicated carbon atoms, form a carbocyclic or heterocyclic ring. 
(For convenience hereafter the term "internal olefin" is some times used to designate "optionally 
substituted internal olefin"). Preferably such internal olefins are halogen-free and sulphur free. Preferably 
25 the internal olefin contains from 4 to about 20 carbon atoms. It is especially preferred that the internal olefin 
shall contain at least one hydrogen atom adjacent to the olefinic double bond, that is to say that the internal 
olefin is of the formula R 2 C=CHR or of the formula RHC=CHR, where each R, independently of the others, 
represents an organic radical. 

Illustrative starting olefins include internal olefins, e.g. aikenes, arylalkenes, and cycloalkenes, and 
substituted internal olefins, e.g. ethers of unsaturated alcohols, and esters of unsaturated alcohols and/or 
adds. 

As examples of internal olefins there may be mentioned cfs- and trans-butene-2, 2~methylbutene-2, 
2,3-dimethylbutene-2, 1,2-diphenylethylene, hexene-2, hexene-3, c/s- and r/ans-heptene-2, octene-2, 
octene-3, octene-4, 3-methylheptene-2, 3-methylheptene-3, 3-methylheptene-5, 3,4-dimethyl-hexene-2, 
35 decene-2, tetradecene-2, 4-amyldecene-2, 4-methyltridecene-2, octadecene-2, 6,6-dipropyldecene-3, prop- 
1-enyl benzene, 3-benzylheptene-3, cyclobutene, cyclopentene, cyciohexene, cycloheptene, cyclooctene, 1- 
methylcyclohexene, diethyl maleate, diethyl fumarate, crotonaldehyde, crotonaldehyde dimethyl acetal, 
ethyl cinnamate, c/s- and */ans-prop-1-enyl f-butyl ether, and the like, as well as a mixture of two or more 
thereof. 

40 The olefin may be supplied to the hydroformylation zone in substantially pure form. Alternatively it 
may be admixed with one or more other olefins and/or Inert materials such as saturated hydrocarbons. 
Besides the olefin(s), hydrogen and carbon monoxide, there may be supplied to the hydroformylation zone 
one or more inert materials, such as inert gases (e.g. nitrogen, argon, carbon dioxide and gaseous 
hydrocarbons, such as methane, ethane, and propane). Such inert gases may be present In the olefin 
45 feedstock or in the synthesis gas. Other inert materials may include hydrogenation byproducts of the 
hydroformylation reaction, e.g. /7-butane where the olefin is butene-1 or butene-2. 

In many cases the process may be operated so that a part only of the make-up olefin, 04. from about 
15% to about 80% or higher, is converted in passage through the hydroformylation zone. Although the 
process can be operated on a "once through" basis, with unreacted olefin being exported beyond battery 
50 limits, possibly for other uses, after product recovery, it will usually be desirable to recycle unreacted olefin, 
after product recovery, to the hydroformylation zone. As some isomerisation of olefin may occur in 
passage through the hydroformylation zone (e.g. in the case of butene-2 some isomerisation to butene-1 
may occur), the recycle olefin stream may contain isomerised olefin, even though the olefin feedstock is 
substantially pure. In addition it may contain byproduct hydrogenated feedstock. The concentration of 
55 isomerised olefin and of inert materials in the recycle stream or streams can be controlled in the usual way 
by taking purge streams at appropriate controlled rates. 

The organic phosphite ligand is preferably an at least bicyclic compound which contains a phosphorus 
atom in a bridgehead position linked to three oxygen atoms, each forming part of a cyclic system. Such 
ligands can be represented by the general formula: 



30 
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in which Z represents a trivalent organic group. In formula (I) Z may be acyclic or may comprise a cyclic 
group; in the former case the ligand of formula (I) is a bicyclic organic phosphite, whilst in the latter case 
the ligand of formula (I) is a tri- or polycyclic organic phosphite. As an example of a ligand of formula (I) In 
which Z comprises a cyclic group there can be mentioned the compound 2,8,9-trIoxa-1-phosphatrlcyclo- 
[3.3.1. 1 3,7 ]-decane of the formula: 



(■■> 




Other preferred organic bicyclic phosphite ligands are those of the general formula: 
20 R Y'— O -P (III) 




in which Y, Y' and Y" each, independently of the others, represent a divalent organic radical, and R is a 
trivalent atom or group. Such compounds can be prepared by the methods described in the literature, for 
25 example, by transesterification of an organic phosphite of the general formula: 

(R'0) 3 P (IV), 

30 in which each R' is an optionally substituted hydrocarbon radical, for example an optionally substituted 
alkyi or aryl radical, such as methyl, ethyl, phenyl, benzyl, o-tolyl, naphthyl, hydroxymethyl or 
hydroxyethyl, with a triol or higher polyol of the general formula: 



<Y OH 



(V) 



FV— Y'< 



-OH 



40 



SO 



in which R, Y, Y' and Y" are as defined above. One method of effecting transesterification comprises 
boiling the phosphite of formula (IV), e.g. triethyl phosphite, under reflux with a triol (or higher polyol) of 
formula (V), such as trimethylolpropane, optionally in the presence of a transesterification catalyst, e.g. 
sodium methoxide or triethylamine, and distilling off the alcohol of formula R'OH, e.g. ethanol, as it is 
formed. 

Alternatively the cyclic organic phosphite ligand may be a monocyclic phosphite of the general 
formula: 



Z' 



P-OR' 



(VI) 



£5 



60 



In which Z' represents a divalent organic radical, which may be a cyclic or acyclic radical, and R» is i 
defined above. Preferred monocyclic ligands are those of the general formula: 



R"-CH P— OR' 

XHR"-CT 



(VII) 



in which R" represents a hydrogen atom or one of the meanings of R' (defined above). The compounds of 
general formula (VI) can be made by methods known in the ert for example by transesterification of an 
organic phosphite of formula (IV) with a dlol of formula: 
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•OH 

(VIII) 

OH 

in which Z' Is as defined above. 

In such a transesterification reaction the phosphite of formula (IV), e.g. trimethyl phosphite, triethyl 
phosphite, or triphenyl phosphite, may be heated under reflux with the diol of formula (VIII), optionally in 
the presence of a transesterification catalyst Typical diols of formula (VIII) include 1,3-diols such as 
propane-1,3-diol and 2,2-dimethylpropane-1,3-diol, and hydrogenation products of alcohols and aldehyde 
condensation products such as "dimer (V)" of British Patent Specification No. 1338237. 

As an example of a ligand of formula (VI) there can be mentioned 1-phenoxy-4,4-dimethyi-2^-dioxa-V 
phospha-cyclohexane (2,2-dimethyl-propane-1,3-diol phenyl phosphite). 

Particularly preferred cyclic phosphite iigands are those in which the phosphorus atom forms part of 
one or more 6-membered rings. 

In one preferred mode of operation the cyclic phosphite ligand is introduced as such Into the hydro* 
formylation reaction medium. Alternatively the ligand can be formed in situ by charging to the hydro* 
formylation reaction medium a phosphite of a monohydric alcohol or phenol, e.g. trimethyl phosphite, 
triethyl phosphite, triphenyl phosphite, trinaphthyl phosphite, tri-/7-butyl phosphite, tri-n-hexyl phosphite, 
or the like, and an at least equimolar quantity of an appropriate diol or of a polyol containing three or more 
hydroxyl groups, such as trimethylol propane or 1,3,5-trihydroxycyclohexane. Transesterification of the 
phosphite ester with the diol or polyol can be effected by heating the reaction medium, either before or 
after addition of the rhodium catalyst precursor, and either before or after commencement of hydro- 
formylation. 

In formula (III) R may represent, for example 



R''-C- f -<. -k, -A<. -StC R''4l-. or -<, 

in which R" is as defined above, and R'" is alkyl or alkoxy, e.g. methyl or methoxy. As examples of divalent 
organic radicals for which Y, Y' and Y" may stand there may be mentioned alkylene, oxy-alkylene, 
alkylene-oxyalkylene, alkylene-NR""-alkylene, arylene, oxyarylene, alkylene-arylene, arylene-alkylene, 
alkyleneoxy-arylene, and arylene-oxyalkylene; in such groups alkylene may be, for example, methylene, 
ethylene or ethylidene and arylene may be, for example, o-phenylene or m-phenylene, whilst R"" 
represents an optionally substituted hydrocarbon radical, such as alkyl radical. Preferably Y, Y' and Y" 
contain no more than about 20 atoms in the chain. 

Particularly preferred Iigands are those of formula (III) in which Y, Y' and Y" are methylene groups or 
substituted methylene groups, such as ethylidene groups. As examples of Iigands of formula (III) there can 
be mentioned: — 

2,6,7-trioxa-l-phosphabicyclo-[2,2,2]-octane; 

4-methyl-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

4-ethyl-2A7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

4*hydroxymethyl-2 f 6,7-trioxa-1-phosphabicyclo-[2 # 2^]-octane; 

4-ethoxymethyl-2,6,7-trioxa-1-phosphabicyclo-[2,2 f 2]-octane; 

4-acetoxymethyl-2,6,7-trioxa-1-phosphabicyclo-[2^,2l-octane; 

2,6,7-trioxa-1^-diphosphabicyclo-[2i2^]-octane; 

4-/so-propyl-2,6,7-trioxa-1-phosphabicyclo-[2,2^]-octane; 

4-/^-propyl-3-methyl-2,6,7-trioxa-1-phosphabicyclo-[2^j2]-octane; 

4-/i-butyl-2,6,7-trloxa-1-phosphabicyclo-[2,2,2]-octane; 

4-/7-hexyl-2,6,7-trioxa-1-phosphabicyclo-[2,2^]-octane; 

4-(2-ethylhexyl)-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

4-/7-decyl-2 / 6,7-trioxa-1-phosphabicyclo-[2,2^]-octane; 

4-/?-undecyl-2,6,7-trIoxa-1-phosphablcyclo-[2,2^]-octane; 

3 / 5,8-trimethyl-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

3,43/8-tetramethyl-2,6,7-trioxa-1-phosphabicyclo-[2,2^]-octane; 

4-phenyl-2A7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

4-cycIohexyl-2,6,7-trioxa-1-phosphablcycio-[2,2,2]-octane; 

4-capryloyIoxymethyi-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

4-stearoyIoxymethyi-2A7-trioxa-1-phosphabicyclo-[2,2,2]-octane; 

3,5^rimethyl-4-phenyl-2,6,7-trioxa-1-phosphabicycio-[2,2,2]-octane; 

4-benzyl-2,6,7-trioxa-1-phosphabicycIo-[2^,2]-octane; 

3Adimethyl-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane; and the like. 

The reaction medium contains a stabilising amount of a tertiary amine. As examples of tertiary amines 
there can be mentioned in particular trialkylamlnes, such as triethyiamine, tri-/?-propy!amine, tri-/?-butyl- 



Z' 
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amine, tri-/so-butylamine, tri-/$o-propylamine, tri-n-hexylamine, tri-/?-octylamine, dimethyl-/so-propyl- 
amine, dimethylhexadecylamine, methyl-di-/?-octylamine, and the like, as well as substituted derivatives 
thereof containing one or more non-interfering substituents such as hydroxy groups, for .example 
triethanolamine, N-methyl-diethanolamlne, tris-(3-hydroxypropyl)-amine, and the like. Heterocyclic tertiary 

5 amines can also be contemplated for use in the present invention, such as pyridine, 2-, 3- and 4-picoline, 
the lutidines, the collidines, N-methylpiperidine, N-methylmorpholine, N-2'-hydroxyethylmorpholine, 
quinoline, /so-quinoline, quinoxaline, acridine, quinuciidine and the like. Also suitable for use in the 
process of the present invention are aromatic tertiary amines, such as N,N-dimethylaniline, N,N-diethyl- 
aniline, N,N-dimethyl«p-toluidine, N-methyldiphenylamine, N,N-dimethylbenzylamine, N,N-dimethyI-1- 

10 naphthyiamine, and the like. Compounds containing two or more tertiary amino groups, such as N,N,N',N'- 
tetramethylethylene diamine and Methylene diamine (i.e. 1,4-diazabicyclo-[2,2,2]-octane) can also be 
mentioned. 

The rhodium complex catalyst is dissolved in a liquid reaction medium in the process of the invention. 
This reaction medium comprises in addition to the catalytic species and in addition to a stabilising amount 

is of a tertiary amine, product aldehyde(s), aldehyde condensation products, olefin, hydrogenation product(s) 
derived from the olefin, and preferably also excess cyclic phosphite ligand. The nature of the aldehyde 
condensation products, and possible mechanisms for their formation during the course of the 
hydroformylation reaction, is explained in more detail in British Patent Specification No. 1,338,237, to 
which reference should be made for further information. Additionally the reaction medium may comprise 

20 an added inert solvent, such as benzene, toluene, acetone, methyl /so-butyl ketone, f-butanol, n-butanol, 
tetralin, decalin, ethyl benzoate and the like. Usually, however, it will be preferred to operate in a "natural 
process solvent", i.e. a mixture of olefinically unsaturated compound, hydrogenation product(s) thereof, 
aldehyde product(s) and aldehyde condensation products. However, when operating continuously, it may 
be preferred to use at start up an Inert solvent, such as acetone, benzene, toluene, or the like, and then 

2S gradually to allow this to be displaced by "natural process solvent" by differential evaporation as the 
reaction progresses. 

The rhodium concentration in the liquid reaction medium may vary from about 10 ppm or less up to 
about 1000 ppm or more, calculated in each case as rhodium metal and on a weight/volume basis. Typically 
the rhodium concentration in the liquid reaction medium lies in the range of from about 40 ppm up to about 

30 200 ppm, calculated as rhodium metal. For economic reasons it will not usually be desirable to exceed 
about 500 ppm rhodium, calculated as metal, in the liquid reaction medium. 

In the liquid reaction medium the cyclic phosphite ligand:Rh molar ratio is at least about 3:1. Preferably 
the ligand:Rh molar ratio is from about 3:1 or 4:1 up to about 20:1 or more. The upper limit of 
concentration of cyclic phosphite ligand in the reaction medium will usually be about 10% w/v or the 

3$ solubility limit of the cyclic phosphite ligand therein, whichever Is the lower figure. Usually, however, it will 
be preferred to operate at cyclic phosphite ligand concentrations of less than about 1% w/v and phosphite 
ligand:Rh molar ratios of from about 5:1 up to about 16:1, e.g. about 8:1. Good results can often be 
obtained at concentrations of 0.5% w/v or less, e.g. 0.25% w/v or less, of cyclic phosphite ligand. 

At least some of the cyclic phosphite ligands used in the process of the invention are highly toxic; 

40 extreme care should therefore be taken in handling the phosphite ligands and reaction media containing 
them. 

The reaction medium contains a stabilising amount of a tertiary amine. Thus there should be present In 
the reaction medium a small concentration of free tertiary amine sufficient to enhance the stability of the 
catalytic species by prevention of ligand degradation and to maintain catalyst activity. Whilst we do not 
45 wish to be bound by the correctness or otherwise of the following postulated mechanism, we believe that 
loss of catalyst activity after extended periods of operation is caused by degradation of the cyclic phosphite 
ligand, probably due to hydrolysis by water formed as a byproduct of aldolisation. Such hydrolytic 
reactions lead to ring opening of the cyclic phosphite and to production of acidic materials which then 
appear to catalyse the ring opening reaction, for example: 



BO 
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Hence the postulated ligand degradation is autocatalystng. The acidic ligand degradation products have 
three undesirable effects, the first being promotion of the formation of aldehyde condensation products, 
and the second effect being that the acidic ligand degradation products can protonate, or form a complex 
adduct with, the rhodium complex- This adduct is much less active as a hydrofbrmylation catalyst. The 
third effect Is the formation of less catalytically active rhodium species in the catalyst solution as the ligand 
concentration drops. This is shown as the colour of the solution progressively changes to yellow, orange, 
and then to red from the very pale original solution colour. An addition of fresh cyclic phosphite ligand to 
such a red-orange solution restores the colour to the original very pale state and increases the catalytic 
activity; the catalytic activity does not return to its original value unless an addition of a tertiary amine, such 
as a trialkylamine, is also made. 

The function of the tertiary amine, we believe, is to react with and to neutralise the acidic hydrolysis 
products formed upon hydrolysis of the ligand and to release any rhodium bound to the acidic ligand 
degradation products thus restoring the activity of the catalyst solutions. The choice of a tertiary amine for 
this function is dictated by the desirability of using a basic material that is soluble In the reaction medium 
15 and does not tend to catalyse the formation of aldols and other aldehyde condensation products at a 
significant rate or to react with product aldehyde to give aldehyde/amine condensation products as would 
be the case if a primary or secondary amine was used. 

The amount of tertiary amine present in the reaction medium is typically sufficient to provide a 
concentration of at least about 0.0001 moles of free amine per litre of reaction medium. Preferably the 
20 molar ratio of tertiary amine to total cyclic phosphite added (whether bound with rhodium or present as 
free phosphite) is at least about 0.1:1 and even more preferably at least about 0.5:1. Usually the tertiary 
amine:phosphite molar ratio will be at least about 1 :1 up to about 5:1 or more. There is, however, normally 
little advantage in using a tertiary amine:phosphite ratio higher than about 5:1. Indeed the use of higher 
ratios may result in increased rates of formation of aldols and other aldehyde condensation products. 
25 If a volatile tertiary amine, such as triethylamine or tri-n-propylamine, is used, this may be lost from the 
reaction medium during distillation for recovery of aldehyde product(s) as the amine will then tend to co- 
distil with the aldehyde produces). In this case it will be necessary to add further tertiary amine, either 
continuously or in small aliquots from time to time, in order to maintain a stabilising amount of tertiary 
amine in the reaction medium. If a less volatile tertiary amine, such as trwi-octylamine, is used then the rate 
30 of loss of amine upon recovery of product aldehyde(s) Is correspondingly lower and no, or very infrequent, 
addition of further amine is required. Hence it is preferred to use a tertiary amine that has a boiling point 
significantly above that of the aldehyde product(s). For example, in hydroformylation of butene-1 
according to the invention, it is preferred to use a relatively involatiie tertiary amine such as tri-/?- 

octylamine. , 

35 The hydroformylation conditions utilised in the process of the present invention involve use of 
elevated temperatures in the range of from about 40°C up to about 160°C. Usually, however, it will be 
preferred to operate at as low a temperature as is possible, consistent with achieving a satisfactory reaction 
rate, so as to minimise the risk of Isomerisatlon of the olefin (to a corresponding terminal olefin, in the case 
of an internal olefin, or to a corresponding internal olefin, in the case of an terminal olefin). Hence preferred 

40 operating temperatures usually range from about 70°C up to about 130°C; such temperatures are usually 
adequate both for a/pfo?-olefins containing the group — CH=CH 2 and for internal olefins containing the 
group — CH=CH— . The reaction rate depends inter alia on the ligand:Rh molar ratio. Hence it will usually 
be necessary to increase the operating temperature, if the ligand :Rh molar ratio is Increased beyond about 
8:1, in order to maintain a substantially constant aldehyde productivity. When using ligand:Rh ratios of 

45 from about 3:1 to about 8:1, temperatures of about 70°C to about 1 00°C are usually suitable, both for alpha- 
olefins containing the group — CH=CH 2 and for internal olefins containing the group — CH-CH— ; higher 
temperatures, e.g. up to about 130°C, may be desirable if higher ligand:Rh molar ratios, e.g. about 12:1 or 
more, are used. Higher temperatures may, however, be necessary where the olefinic carbon-carbon bond 
is more sterically hindered, as for example when the olefin contains the group >C=CH2, — CH=CR— or 

50 — CR=CR— , where R is an organic radical (the free valencies indicated in the formulae for these radicals are 
in each case attached to an organic radical); for example, temperatures up to about 150°C or higher may be 
necessary in this case in order to achieve satisfactory reaction rates. Use of such higher operating 
temperature will usually be accompanied by use of higher ligand:Rh molar ratios, e.g. about 8:1 or higher. 
Elevated pressures are used in the hydroformylation zone, the hydroformylation reection being 

55 conducted at a total pressure of from about 4 bar upwards up to about 75 bar. Usually It will be preferred to 
operate at a total pressure of not more than about 35 bar. 

In the hydroformylation reaction 1 mole of carbon monoxide and 1 mole of hydrogen react with each 
olefinic bond. Thus, for example, in the case of butene-1, the major product is n-veleraldehyde which is 
formed by the reaction: 

60 

CH S .CH 2 .CH:CH 2 + H 2 + CO « CH a .CH 2 .CH 2 .CH 2 .CHO. 
The isomeric aldehyde, 2-methylbutyraIdehyde, is typically also formed as minor product as follows: 
65 CH 3 XH 2 .CH:CH 2 + H 2 + CO = CH 2 .CH 2 .CH(CHO).CH 3 . 



10 



EP 0149 894 B1 



In the case of an internal olefin, such as butene-2, the principal product is 2-methylbutyraldehyde 
which is formed by the reaction: 

CH 3 .CH:CH.CH 3 + H 2 + CO = CH 3 .CH(CHO).CH 2 .CH 3 . 

5 

A small amount of the isomeric aldehyde, n-valeraldehyde, typically less than 5% of the total 
aldehydes formed, may also be formed as follows: 

CH 3 .CH:CH.CH 3 + H 2 + CO = CH 3 .CH 2 .CH 2 .CH 2 .CHO. 

10 

In addition some of the olefin may undergo hydrogenation; hence n-butane may be a byproduct when 
butene-1 or butene-2 is hydroformylated. Typically less than 5% of the olefin undergoes hydrogenation. 

In operating the process of the invention in a continuous manner it is desirable to supply make up 
amounts of hydrogen and carbon monoxide in an approximately 1 :1 molar ratio, e.g. about a 1.05:1 molar 

fs ratio. The formation of such mixtures of hydrogen and carbon monoxide can be effected by any of the 
methods known in the art for producing synthesis gas for hydroformylation, e.g. by partial oxidation of a 
suitable hydrocarbon feedstock such as natural gas, naphtha, fuel oil or coal. 

In operating the process of the invention the total pressure of hydrogen and carbon monoxide in the 
hydroformylation zone can range from about 1.5 bar or less up to about 75 bar. The partial pressure of 

20 hydrogen may exceed that of carbon monoxide, or vice versa. For example the ratio of the partial pressures 
of hydrogen and of carbon monoxide may range from about 10:1 to about 1 :10. At all events it will usually 
be desirable to operate at a partial pressure of hydrogen of at least about 0.05 bar up to about 30 bar and at 
a partial pressure of carbon monoxide of at least about 0.05 bar up to about 30 bar. 

Product recovery can be effected In any convenient manner. In some instances, for example when 

25 using butene-1 or butene-2 as the olefinically unsaturated compound, it is possible to utilise a gas recycle 
process similar to that described in British Patent Specification No. 1582010. However, it may be more 
convenient to withdraw a portion of the liquid reaction medium from the hydroformylation zone either 
continuously or intermittently and to distil this in one or more stages under normal, reduced or elevated 
pressure, as appropriate, in a separate distillation zone in order to recover the aldehyde product(s) and 

so other volatile materials in vaporous form, the rhodium-containing liquid residue being recycled to the 
hydroformylation zone. Condensation of the volatile materials and separation thereof, e.g. by distillation, 
can be carried out In conventional manner. Aldehyde product(s) can be passed on for further purification, 
whilst a stream containing unreacted olefin can be recycled to the hydroformylation zone together with any 
hydrogen and carbon monoxide that was dissolved in the reaction medium. A bleed stream can be taken 

35 from the recycle stream or streams in order to control build up of inerts (e.g. N 2 ) and of hydrogenation 
product(s) in the recycle streams. 

The rhodium may be introduced into the reaction zone In any convenient manner. For example, the 
rhodium salt of an organic acid, such as rhodium acetate, i.e. [Rh(OCOCH 3 ) 2 .H 2 0] 2 , can be combined with 
the ligand in the liquid phase and then treated with a mixture of carbon monoxide and hydrogen, prior to 

40 introduction of the olefin. Alternatively the catalyst can be prepared from a carbon monoxide complex of 
rhodium, such as dirhodium octacarbonyl, by heating with the cyclic phosphite ligand which thereby 
replaces one or more of the carbon monoxide molecules. It is also possible to start with the ligand of choice 
and finely divided rhodium metal, or with an oxide of rhodium (e.g. Rh 2 0 3 or Rh 2 0 3 . H a O) and the ligand, or 
with a rhodium salt of an Inorganic acid, such as rhodium nitrate (i.e. Rh(N0 3 ) a .2H 2 0) and the ligand, and to 

45 prepare the active species in situ during the course of the hydroformylation reaction. Yet again it is possible 
to introduce into the reaction zone, as a catalyst precursor, a rhodium complex such as (pentane-2,4- 
dionato) dicarbonyl rhodium (I) which is then converted, under the hydroformylation conditions and in the 
presence of excess ligand, to the operative species. Other suitable catalyst precursors include Rh 4 (C0) 12 

and Rh 6 (CO) 18 . , , , . , . . . , 

so When using polymeric aldehyde condensation products as solvent, the ratio of aldehyde to such 

products in the liquid reaction mixture in the hydroformylation zone may vary within wide limits. Typically 

this ratio lies in the range of from about 1:5 to about 5:1 by weight 

Under appropriate conditions aldehyde productivities in excess of about 0.5 g moles/litre of catalyst 

solution/hr can be achieved in the process of the invention. Hence it is usually preferred to supply make up 
55 olefin to the hydroformylation zone at a rate which at least corresponds to the aldehyde productivity of the 

system under the hydroformylation conditions selected. As the conversion per pass will usually be less 

than 100%, typically about 15% to about 80% or higher, it will be necessary to increase correspondingly the 

feed rate of the make up olefin if the process is to operate on a "once through" basis or to recycle unreacted 

olefin at an appropriate rate if the process operates with olefin recycle. Often the aldehyde productivity rate 
eo exceeds about 1 .0 g mole/litre/hr, e.g. up to at least about 1 .5 g moles/litre/hr and the rate of supply of make 

up olefin must then equal or exceed this value. 

The ligand stabilising effect of the tertiary amine appears from the results of our experiments to be 

shown only with cyclic phosphite ligands, such as 4-ethyl-2,6,7-trioxaphosphabicyclo-[2^,2]-octane, and 

not with "open" (or acyclic) phosphites, such as triphenylphosphite. 
65 The invention is illustrated further in the following Examples. In these Examples the conditions have 
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been selected with a view to accelerating decay of the Hgand so that the experiments could be completed 
within a reasonable time and are not necessarily the conditions that would be selected for operation of a 
commercial plant 

5 Example 1 

The continuous hydroformylation of butene-1 was investigated using a stainless steel reactor of 
nominal capacity 300 ml which is fitted with a magnetically coupled stirrer and with an internal cooling coil 
through which air could be blown for temperature control purposes. The reactor was also fitted with a gas 
inlet tube for admission of a CO/H 2 mixture to the gas space and an inlet tube for liquid butene-1, each in 

10 the form of a dip tube ending near the bottom of the reactor, as well as with liquid outlet tube In the form 
of a dip tube whose open lower end was positioned at a level corresponding to the surface level of a 
volume of 150 ml of liquid in the reactor. Butene-1 was charged to a feed vessel which was pressurised to 
4.5 kg/cm 2 absolute (446 kPa) with 0 2 -free nitrogen and which was connected to the corresponding inlet 
tube of the reactor by way of a feed pump and a non-return valve. Carbon monoxide and hydrogen were 

16 supplied from individual cylinders thereof through individual pressure controllers and then by way of a two 
channel mass flow controller through an oxygen guard unit (to ensure that the synthesis gas fed to the 
reactor was oxygen-free). 

Liquid in excess of 150 ml together with unreacted gases exited the reactor through the outlet tube and 
passed through a cooler to a gas-liquid separator which acted as a knock out pot The gas from the knock 

20 out pot was passed through a letdown valve which let its pressure down to atmospheric pressure and was 
then supplied to a wet gas meter and vented. The separated reactor solution in the knock out pot was 
maintained at a specific volume using a level controller which let down excess liquid through a capillary 
tube to a product evaporator consisting of a Liebig condenser packed with glass beads. The majority of the 
liquid passed through the beads and fell into a receiver which was also fitted with a level controller. When 

25 this level controller indicated that the liquid in the receiver exceeded a preselected volume hot oil was 
pumped through the evaporator. The stripped reactor solution was pumped back from the receiver to the 
reactor at a constant rate by means of a catalyst recycle pump. 

The flashed butene-1 and product passed overhead through a cooler to the product receiver, where the 
majority of the product was collected. Some of the unreacted butene-1 was dissolved In the product 

30 condensate, whilst the remainder passed on through a meter. 

The reactor was heated by immersion in a thermostatically controlled oil bath, fine temperature control 
being exerted automatically by blowing air on demand through the internal cooling coil. The level 
controllers were set so that the total liquid inventory of the catalyst containing solution was 200 ml, i.e. an 
Inventory of 50 ml outside the reactor. 

35 To monitor the course of the reaction the gas flow rates were measured and gas chromatographic 
analyses were performed by sampling the system as follows: 

Sample stream Components 

<o Inlet synthesis gas H* CO 

Exit gas from knock out pot CO, aldehydes, 

butenes, butane 

45 Butene off gas H 2 , CO, butenes, 

butane, aldehydes 



so 



Product Aldehydes, aldehyde 

byproducts, butenes, butane 

Reactor solution Aldehydes, aldehyde 

byproducts, butenes, butane, 



ligand concentration 

& H 2 and CO were determined using a 1.85 m x 4.76 mm o.d. stainless steel column packed with molecular 
sieve (5A) at 110°C. Butenes and butane were determined using a 1.85 m x 4.76 mm o.d. stainless steel 
column packed with Porasil C at 60°C. Aldehydes and aldehyde byproducts were determined using a 1.85 m 
x 4.76 mm o.d. stainless steel column packed with 10% OV 101 on Chromosorb PAW which was 
temperature programmed to run at SOX for 5 minutes and then to increase in temperature at 10°C/minute 

so to 300°C. Ligand concentration was determined using a phosphorus specific flame photometric detector 
and a 0.46 m x 4.76 mm o.d, stainless steel column packed with 10% OV 101 on Chromosorb PAW run at 
220°C. ("Porasil" and "Chromosorb" are trade marks). 

At start up the empty reactor was purged with nitrogen and then pressurised to 21 .7 bar with the CO/H 2 
mixture and a flow of the hydrogen/carbon monoxide mixture in excess of the anticipated reaction demand 

65 was established through the system using the mass flow controllers. Then acetone was charged to the 
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system via the sample point for the product evaporator bottoms usfng the catalyst recycle pump. When 100 
ml of acetone had been charged the reactor stirrer was switched on and adjusted to run at 1 500 r.p.m. Once 
automatic level control had been achieved addition of acetone was terminated. The feedstock pump was 
then switched on so as to give a butene-1 feed rate of 68 ml/hr and the system allowed to equillbriate under 
5 automatic control. 

Next 0.1 g [Rh(OCOCH 3 ) 2 . H 2 0] 2 (equivalent to 0.418 miliimoles of Rh) and 0.5 g (3.08 millimoles) TMPP, 
i.e. 4-ethyl-2,6,7-trioxa-1-phosphabicyclo-[2 f 2,2]-octane, were charged to the system via the evaporator 
bottoms sample point. This corresponds to a TMPP:Rh molar ratio of 7.4:1. When the system was 
homogeneous the reactor temperature was raised to 77°C. Onset of reaction was detected by a decrease in 
10 the effluent synthesis gas from the knock out pot, accompanied by more frequent operation of the oil pump 
to the product evaporator and by the appearance of liquid in the product receiver. As the reaction 
proceeded the acetone initially charged to the system was replaced within the system by product 
aldehydes. 

The various data measured are set out in Table I below. The catalyst solution recycle rate was 64.5 ml/ 
IB hr. The H 2 :CO ratio was 1:1. 
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The term "Activity Index" in Table I is defined as: 

productivity (gmol/l/hr) 

. Activity index - x 1° 00 

reactor olefin concentration (% v/v) 

It will be seen from Table I that the TMPP declined from its initial level of 0.25% w/v to 0.13% w/v after 
60 hours and to 0.04% w/v after 192 hours. Accordingly a further 0.3g TMPP was introduced into the reactor 
to after 196 hours. A decline in Activity Index from a value of 249 after 174 hours to a value of 161 after 232 
hours was recorded. t _ M 

After 235 hours 0.86 ml triethylamine was introduced into the reactor; the results are shown in Table II. 
The concentration of amine was that measured in the recycle solution. A marked increase In activity was 
noted/the Activity Index being 260 after 236 hours. However this was not maintained, the loss in catalyst 
is activity being ascribed to loss of the volatile triethylamine due to carry-over with product aldehydes. 
Throughout this Example there was less than 2% hydrogenation observed to n-butane. 
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Example 2 

The run of Example I was continued, 0.55 ml tri-/7-propylemine being added after 256 hours from the 
commencement of the run. The results are listed in Table III. Again a marked increase in Activity Index was 
noted and the rate of loss of catalyst activity was considerably less than when triethylamine was added. A 
further 0.55 ml aliquot of tri-/)-propylamine was introduced into the reactor after 280 hours. Again the 
Activity Index increased and was better maintained than with triethylamine. Throughout this Example the 
extent of hydrogenatlon to n-butane was less than 2%. 
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Example 3 

A similar run was carried out to investigate the user of tri-n-octylamine as stabilising tertiary amine, 
using the same general procedure as described in Example 1, under the following conditions: . 

Rhodium concentration 200 ppm w/v 

(calculated as rhodium 
metal) 

Temperature 101°C 
Butene-1 feed rate 60 ml/hr 



Recycle rate 60 ml/hr 

15 Pressure 21,7 bar 

H 2 :C0 molar ratio 0.25% w/v 

Total solution volume 200 ml 

20 

Initially no tri-/?-octylamine was charged to the reactor. The results are listed in Table IV. The llgand was 
observed to be stable for the first 30 hours of operation. 1 ml water was added after 30 hours and again 
after 46 hours. This promoted ligand decay. After 51 hours 0.5g TMPP an 1 ml tri-n-octylamine were added. 
Over the next 24 hours the ligand appeared to be quite stable. After 75 hours the ligand concentration was 

25 raised by adding a further 0.5g TMPP and an additional 1.3 ml tri-n-octylamine was added. Excellent ligand 
stability was observed at the higher ligand:rhodium molar ratio and higher ligand concentration. After 105 
hours 1.0 ml triphenylphosphite and a further 1.3 ml tri-n-octylamine was added. Although the 
concentration of TMPP remained steady, It was noted that triphenylphosphite decayed rapidly. A further 
addition of triphenylphosphite was made after 115 hours but again it degraded rapidly although the TMPP 

30 did not decay significantly. 
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Example 4 

Similar experiments to those described in Examples 1 to 3 carried out using the olefins butene-2, allyl N 
butyl ether r dodecene-1 and n-propyl oct-7-enoate under appropriate hydroformylation conditions. Using 
the compounds TMPP, 4-acetoxymethyl-2,6,7-trloxa-1-phosphabicyclo-[2,2,2]-octane # 4-/)-hexyl-2,6,7- 
5 trioxa-1-phosphabicyclo-[2,2,2]-octane, 4-methyl-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane # and 2,8,9- 
trioxa-1-phosphatricyclo-[3.3.1.1 3 » 7 ]-decane as well as the amines N,N-diethylaniline, pyridine, N- 
methylmorpholine, and triethanolamine, a beneficial ligand stabilising effect is observed. 

Claims 

10 

1. A continuous hydroformylation process for the production of an aldehyde by hydroformylation of an 
olefin which comprises: 

providing a hydroformylation zone containing a charge of a liquid reaction medium having dissolved 
therein (a) a complex rhodium hydroformylation catalyst comprising rhodium in complex combination 
with carbon monoxide and with a cyclic phosphite having a phosphorus atom linked to three oxygen atoms 
at least two of which form together with the phosphorus atom part of a ring and (b) a ligand stabilising 
amount of a tertiary ammine the cyclic phosphite ligand:Rh molar ratio in the liquid reaction medium being 
at least about 3:1 and the ligand stabilising amount of the tertiary amine corresponding to a tertiary 
aminercyclic phosphite ligand molar ratio of at least about 0.1:1; 
20 continuously supplying said olefin to the hydroformylation zone; 

maintaining in the hydroformylation zone a temperature in the range of from 40°C to 160°C and a 
pressure in the range of from 4 bar to 75 bar; 

continuously supplying make-up hydrogen and carbon monoxide to the hydroformylation zone; and 

recovering from the liquid hydroformylation medium a hydroformylation product comprising at least 
2S one aldehyde. 

2. A process according to claim 1, in which the cycle phosphite is an at least bicyclic phosphite of the 
general formula: 



30 




in which Z represents a trivalent organic group. 

3. A process according to claim 2, in which the cyclic phosphite ligand is selected from 4-methyl-2,6,7- 
trioxa-1-phosphabicyclo-[2,2,2]-octane, 4-ethyl-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane, 4-ethoxy- 
methyl-2,6,7-trioxa-1-phosphabicyclo-[2,2,2]-octane, and 4-acetoxymethyl-2,6,7-trioxa-1-phospha- 
bicyclo[2,2,2]-octane. 

4. A process according to claim 1, in which the cycle phosphite ligand is a monocyclic phosphite of the 
general formula: 



45 




(VI) 



in which Z' represents a divalent organic radical and R' represents an optionally substituted alkyi or aryl 
radical. 

5. A process according to any one of claims 1 to 3, in which the tertiary amine is a trialkylamlne. 
so 6. A process according to claim 5, In which the tertiary amine la selected from triethylamine, tri-«- 
propylamine and trwi-octylamine. 

7. A process according to any one of claims 1 to 6, in which the olefin is butene-1 and the 
hydroformylation product comprises n-valereldehyde. 

8. A process according to any one of claims 1 to 6, in which the olefin Is butene-2 and the 
55 hydroformylation product comprises 2-methylbutyraldehyde. 

9. A process according to any one of claims 1 to 8, in which the hydroformylation zone is maintained at 
a total pressure of from 4 bar up to 35 bar, at a partial pressure of hydrogen and of carbon monoxide each 
of at least 0.05 bar, and at a ratio of partial pressures of hydrogen and of carbon monoxide in the range of 
from 10:1 to 1:10. 

50 10. A process according to any one of claims 1 to 9, in which the recovery of the hydroformylation 
product includes withdrawal of reaction medium from the hydroformylation zone and distillation thereof in 
one or more stages under normal, reduced or elevated pressure. 

11. A process according to claim 10, in which the distillation step yields also a stream comprising 
unreacted olefin which is recycled to the hydroformylation zone. 

05 12. A process according to any one of claims 1 to 11 , in which the reaction medium comprises aldehyde 
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product and aldehyde condensation products as solvent 

13. A process according to any one of claims 1 to 12, in which make-up olefin is continuously supplied 
to the hydroformylation zone at a rate corresponding to at (east about 0.5 gram moles per litre of reaction 
medium per hour. 

14. A process according to any one of claims 1 to 13, in which the cyclic phosphite is formed In situ by 
transesterification of an organic phosphite of the general formula: 

(R'0) 3 P (IV) 

in which each R' is an optionally substituted alkyl or aryl radical with a triol or higher polyol of the general 
formula: 

yrt — OH 

IS R— Y' OH (V) 

Y^— OH 

in which Y, Y' and Y" each, independently of the others, represent a divalent organic radical, and R is a 
20 trivalent atom or group, or with a diol of the general formul: 



10 



n 



-OH 

(VIII) 

25 | 1 QH 



in which Z' represents a divalent organic radical. 
Patentanspruche 

1. Kontinuieriiches Hydroformylierungsverfahren zur Herstellung eines Aldehyds durch 
Hydroformylierung eines Olefins, bei dem man eine Hydroformylierungszone mit einer Beschickung eines 
flussigen Reaktionsmediums vorsieht, in dem geldst sind (a) ein komplexer Rhodium- 
Hydroformylierungskatalysator mit Rhodium in komplexer Bindung an Kohlenmonoxld und an ein 
cyclisches Phosphit mit einem an drei Sauerstoffatome gebundenen Phosphoratom, wobei wenigstens 
zwei Sauerstoffatome zusammen mit dem Phosphoratom Teil eines Ringes bllden, und (b) eine den 
Liganden stabilisierende Menge eines tertiaren Amins, wobei das Molverhhaltnis cyclishcher Ugand;Rh in 
dem flussigen Reaktionsmedium wenigstens 3:1 ist und das der den Liganden stabilisierende Menge des 
tertiaren Amins entsprechende Molverhaltnis tertiires Amin:cyclischer Phosphit-Ligand wenigstens etwa 
0,1:1 betrSgt, 

das gennante Olefin der Hydroformylierungszone kontinuierlich zufuhrt, 

in der Hydroformylierungszone eine Temperatur in dem Bereich von 50°C bis 160°C und einen Druck in 
dem Bereich von 4 Bar bis 74 Bar aufrechterhalt, 

der Hydroformylierungszone Beschickungswasserstoff und -kohlen monoxide kontinuierlich zufuhrt 

und 

aus dem flussigen Hydroformylierungsmedium ein Hydroformyiierungsprodukt gewinnt, das 
wenigstens einen AJdehyd aufweist. 

2, Verfahren nach Anspruch 1, bei dem das cyclische Phosphit ein wenigstens bicyclisches Phosphit 
der allgemeinen Formel 



55 




ist, in der Z eine dreiwertige organische Gruppe darstellt. 
60 3. Verfahren nach Anspruch 2, bei dem man den cycllschen Phdsphit-Liganden unter 4-Methyl-2,6,7- 
trioxa-1-phosphabicyclo-[2,2,2]-octen, 4-Athyl-2,6,7,-trioxa-1-phosphabicyclo-[2,2,2]-octan, 4-Athoxy- 
methyl-2,6,7,-trioxa-1 -phosphabicyclo-K^l-octan und 4-Acetoxymethyl-2,6,7,-trioxa-1 -phosphabicyclo- 
[2,2^]-octan auswShlt 

4. Verfahren nach Anspruch 1, bei dem der cyclische Phosphit-Ligand ein monocyclisches Phosphit der 
65 allgemeinen Formel 
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35 



40 



Z' 



--</ 



\-OR' • (VI) 



1st, in der T einen zweiwertigen organischen Rest und R' einen wahlweise substituierten Alky!- Oder 
Arylrest bedeuten. 

5. Verfahren nach irgendeinem der AnsprQche 1 bfs 3, bei dem das tertiare Amin Trialkylamin ist 
10 6. Verfahren nach Anspruch 5, bei dem das tertiare Amln unter Triathylamin,Tri^)ropylamln, undTn- 
n-octylamin ausgewShlt wird. 

7. Verfahren nach irgendeinem der Anspruche 1 bis 6, bei dem das Olefin Buten-1 Ist und das 
Hydroformylierungsprodukt n-Valeraldehyd enthait 

a Verfahren nach irgendeinem der AnsprQche 1 bis 6, bei dem das Olefin Buten-2 ist und das 
is Hydroformylierungsprodukt 2-Methyl-butyraldehyd enthait 

9. Verfahren nach irgendeinem der AnsprQche 1 bis 8, bei dem man die Hydroformylierungszone bei 
einem Gesamtdruck von 4 Bar bis 35 Bar, einem Partialdruck des Wasserstoffs und Kohlenmonoxids von je 
wenigstens 0,05 Bar und einem Verhaltnis der Partialdrucke des Wasserstoffs und Kohlenmonoxids in dem 
Bereich von 10:1 bis 1:10 hSIt 
20 10. Verfahren nach irgendeinem der AnsprQche 1 bis 9, bei dem die Gewlnnung des 
Hydroformylierungsprodukts das Abziehen des Reaktionsmediums aus der Hydroformylierungszone und 
seine ein- Oder mehrstufige Destination unter Normal-, Unter- oder Oberdruck umfaBt 

11. Verfahren nach Anspruch 10, bei dem die Destillationsstufe auch einen nicht umgesetztes Olefin 
enthaltenden Strom liefert, denn man zur Hydroformylierungszone zurOckfOhrt 
25 12. Verfahren nach irgendeinem der AnsprQche 1 bis 11, abei dem das Reaktionsmedlum Aldehyd- 
Produkt und Aldehyd-Kondensationsprodukte ais Ldsungsmittel enthait. 

13. Verfahren nach irgendeinem der Anspruche 1 bis 12, bei dem man der Hydroformylierungszone zur 
Erganzung Olefin kontinuierlich mit einer Geschwindigkeit zufuhrt, die wenigstens etwa 0,5 Gramm-mole 
je Liter Reaktionsmedium je Stunde entspricht 
30 14. Verfahren nach irgendeinem der AnsprQche 1 bis 13, bei dem man das cycllsche Phosphit durch 
Umesterung eines organischen Phosphits der allgemeinen Formel: 

(R'0) 3 P ( |V > 

In der jedes R' ein wahlweise substituierter Alkyl- oder Arylrest ist, mit einem Triol oder hdheren Poiyol der 
allgemeinen Formel 

Y OH 

OH (V) 
OH 



R^— Y - 



in der Y, Y' und Y" jewel Is unabhangig voneinander einen zweiwertigen organischen Rest bedeuten und R 
ein dreiwertiges Atom oder eine dreiwertige Gruppe ist, oder mit einem Diol der allgemeinen Formel 
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(VIII) 



in der Z' einen zweiwertigen organischen Rest bedeutet, in situ bildet 



Revendications 



55 1. Un procede continu d'hydroformylatiori pour la production d'un aldehyde par hydroformylation 
d'une olefine, qui consists d: 

se pourvoir d'une zone d'hydroformylation contenant une charge d'un milieu reactionnel liquide dans 
lequel est dissous (a) un catalyseur d'hydroformylation constitu6 d'un compiexe de rhodium comprenant 
du rhodium en combinaison compiexe avec du monoxyde de carbone et avec un phosphite cyclique ayant 

so un atome de phosphore lie h trois atomes d'oxygene dont au moins deux forment une partie d'un cycle 
avec I'atome de phosphore et (b) une quantrte stabilisant le llgand d'une amine tertiaire, le rapport molaire 
ligand phosphite cyclique/Rh dans le milieu reactionnel liquide 6tant au moins d'environ 3/1 et la quantity 
stabilisant le ligand de I'amine tertiaire correspondant a un rapport molaire amine tertialre/ligand 
phosphite cyclique d'au moins environ 0,1/1; 

65 introduce en continu ladite olefine dans la zone d'hydroformylation; 
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maintenir dans la zone d'hydroformylation une temperature dans la gamme de 40°C £ 160°C et une 
pression dans la game de 4 bars & 75 bars; 

introduire en continu de I'hydrogSne et du monoxyde de carbone d'appolnt dans la zone 
d'hydroformylation; et 

r£cup6rer, d partir du milieu liquide d'hydroformylation, un produit d'hydroformylation comprenant au 
molns un aldehyde. 

2. Un procede selon ia revendication 1, dans lequel le phosphite cyclique est au moins un phosphite 
bicyclique de formule generate: 




dans laquelle Z represente un groupe organique trivalent 

3. Un procede selon la revendication 2, dans lequel le ligand phosphite cyclique est choisi parmi le 4- 
m6thyl-2,6,7-trioxa-1-phosphabicyc!o[2.2.2]octane # le4-methyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2loctane, 
le 4-ethoxymethyl-2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane et le 4-ac6toxymethyl-2,6,7-trioxa-1 - 
phosphabicyclo[2.2.2]octane. 

4. Un procede selon la revendication 1, dans lequel le ligand phosphite cyclique est un phosphite 
monocyclique de formule generate: 



Z' 



\ 



-V 



P-OR' 



(VI) 



dans laquelle T represente un radical organique divalent et R' represente un radical alkyle ou aryle 
facultativement substitues. 

5. Un procede selon Tune quelconque des revendications 1 h 3, dans lequel famine tertiaire est une 
trialkylamine. 

6. Un procede selon la revendication 5, dans lequel Tannine tertiaire est choisie parmi la tri6thylamine, 
la tri-n-propylamine et la tri-n-octylamine. 

7. Un procede selon Tune quelconque des revendications 1 d 6, dans lequel I'olefine est le but£ne-1 et 
le produit d-hydroformylation comprend du n-vaieraldehyde. 

8. Un procede selon Tune quelconque des revendications 1 & 6, dans lequel I'olefine est le butdne-2 et 
le produit d'hydroformylation comprend du 2-m6thylbutyraldehyde, 

9. Un procede selon Tune quelconque des revendications 1 h 8, dans lequel la zone d'hydroformylation 
est maintenue h une pression totale de 4 bars d 35 bars, des pressions partielles d'hydrogdne et de 
monoxyde de carbone chacune d'au moins 0,05 bar et un rapport des pressions partielles de I'hydrog&ne et 
du monoxyde de carbone dans la gamme de 10/1 & 1/10. 

10. Un procede selon I'une quelconque des revendications 1 & 9, dans lequel la recuperation du produit 
d'hydroformylation comprend I'Svacuation du milieu reactionnel de la zone d'hydroformylation et sa 
distillation en un ou plusieurs stades sous une pression normale, r£duite ou eiev6e. 

11. Un procede selon ia revendication 10, dans lequel le stade de distillation fournit 6galement un 
courant comprenant I'olefine n'ayant pas reagi qui est recycle dans la zone d'hydroformylation. 

12. Un precede selon I'une quelconque des revendications 1 £ 11, dans lequel le milieu reactionnel 
comprend un aldehyde produit et des produits de condensation d'aldehyde comme solvant 

13. Un precede selon Tune quelconque des revendications 1 & 12, dans lequel de I'olefine d'appoint est 
introduite en continu dans la zone d'hydroformylation 6 un debit correspondannt d au moins 0,5 mol6cule- 
gramme par litre de milieu reactionnel et par heure. 

14. Un precede selon I'une quelconque des revendications 1 & 13, dans lequel le phosphite cyclique est 
form6 in situ par transesterification d'un phosphite organique de formule generate: 



(R'0),P 



(IV) 



dans laquelle chaque R' est un radical alkyle ou aryle facultativement substitu6s avec un trio! ou un polyol 
superieur de formule generate: 



R Y'- 



Y'— 



-OH 
-OH 
-OH 



(V) 
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dans laquelie Y # Y' et Y", chacun ind6pendamment des autres, reprtsentent un radical organique divalent et 
R est un atome ou groupe trivalent, ou avec un diol de formula g6n6rale: 



5 




(VIII) 



dans laquelie Z' represents un radical organique divalent 
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